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A self-consistent expression for the surface recombination velocity S and the surface Fermi level 
unpinning energy as a function of light excitation power (P) is presented for n- and p-type semicon- 
ductors doped above the 10^^ cm~^ range. Measurements of S on p-type GaAs films using a novel 
polarized microluminescence technique are used to illustrate two limiting cases of the model. For a 
naturally oxidized surface S is described by a power law in P whereas for a passivated surface 
varies logarithmically with P. Furthermore, the variation in S with surface state density and bulk 
doping level is found to be the result of Fermi level unpinning rather than a change in the intrinsic 
surface recombination velocity. It is concluded that S depends on P throughout the experimentally 
accessible range of excitation powers and therefore that no instrinsic value can be determined. Pre- 
viously reported values of S on a range of semiconducting materials are thus only valid for a specific 
excitation power. 

PACS numbers: 



I. INTRODUCTION 

Knowledge of surface recombination in semiconduc- 
tors is crucial for bipolar nanoelectronics [l|, in partic- 
ular for high surface-to-volume ratio structures such as 
nanowires [2] . As a result surface recombination has been 
extensively explored using photoconductivity [1, 0] , sur- 
face photovoltage measurements scanning electron 
microscopy 0, cathodoluminescence , or photolumi- 
nescence ISl- KLOl on a wide range of materials including 
GaAs [i], Spnl, InP [H, GaN [13, InN [3, ZnSe ^ 
and alloys [l6|. The immense majority of these works 
rely on the fact that the surface recombination velocity 
S" is a fundamental parameter for describing the surface 
electronic properties [13] ■ To the best of our knowledge 
only two works, one at the Si/Si02 interface [llj and the 
other on GaAs surfaces [l| , have investigated the excita- 
tion power dependence of S. From a theoretical point of 
view, the most comprehensive treatments of the problem 
rely heavily on computer simulations [H, [HI, [11] ■ In short, 
a simple description of the power dependence of S is still 
lacking. 

Here we obtain a simple analytical expression for S 
as a function of light excitation power for p- or n-type 
doped semiconductors (above the 10^^ cm^-^ range) and 
we show that S depends strongly on the excitation power, 
even at very low intensities. From an experimental point 
of view, S is estimated using an original technique based 
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on imaging of the luminescence under tightly-focussed 
light excitation [l^ . The measured power dependence of 
S is in excellent agreement with the predictions of the 
model and it is concluded that S cannot be viewed as an 
absolute characterization of surface electronic properties. 
The paper is organized as follows. In Sec. |lTl we obtain 
expressions for 5' as a function of light excitation power. 
The experimental method is explained in Sec. IIIII and 
the results are presented in Sec. llVland discussed in Sec. 
lYl 



II. THEORY 

This section is devoted to the calculation of S". As 
with previous work 20], it is based on current conserva- 
tion and charge neutrality. Fig. [T] summarizes the near 
surface band structure scheme which will be used in the 
specific case of p-type material. When photo-excited, a 
steady-state photo-electron concentration is established 
whose value at the edge of the depletion zone is uq. This 
results in a photo-current of magnitude Jp = qnoS, where 
q is the absolute value of the electron charge. Here, the 
photo-current generated within the depletion zone is ne- 
glected, which, for an excitation energy slightly above 
bandgap, is valid for doping levels larger than several 
10^^ cm^''. Injection of photo-electrons creates a sur- 
face quasi equilibrium characterized by an electron quasi- 
Fermi level at energy qVs above its position in the bulk, 
where qVg is the photovoltage shifted by Aip with respect 
to its position in the dark. As seen from Fig. [1] the sur- 
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FIG. 1: A schematic representation of the band structure of 
the photo-excited GaAs film of thickness d showing the hght- 
induced shift of the surface electron Fermi level, Atp, and the 
photovoltage qVs- Also shown are the photocurrent Jp, the 
Schottky current Js and the recombination current Jr. 



face barrier is given by 



(1) 



where tpo is the barrier value in the dark and A95 and 
qVs are related by the equality of Jp with the Schottky 
current J, : 



qnt)S = Jo exp 



exp 



(2) 



Here the saturation current Jq is related to the effective 
Richardson constant A** and to the surface barrier in the 
dark ipQ by Jq = A**T^ exp [-ipo/kBT]. 

In order to calculate 5, one assumes that the centers 
which cause surface recombination are also those respon- 
sible for Fermi level pinning. This excludes materials 
such as InP [l2j . One writes that the surface recombina- 
tion current Jr, given by the Stevenson Keyes expression 
[TtI . is equal to the photocurrent 
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where Nxie) is the surface concentration of defects per 
unit energy at an energy e above the position of the 
Fermi level at equilibrium. Here, an{crp) and fn(t'p) are 
the electron (hole) capture cross sections at the centers 
and thermal velocities, respectively, ns{ps) are the vol- 
ume concentrations of electrons (holes) at the surface and 
ntsiPts) are their values at equilibrium if the Fermi level 
coincides with the energy (e) of the surface centers. Jr 



is obtained by integration over centers situated between 
the hole and electron quasi Fermi levels since centers sit- 
uated below Eph are occupied and centers situated above 
Epe are empty. Eq. [2] implies that surface recombination 
strongly depends on the photoelectron concentrations at 
the surface rig and at the edge of the depletion region 
uq, respectively. Both and uq are in turn dependent 
on the excitation power and/or on surface recombination 
itself so that Eq. [2] should be solved self-consistently and 
cannot be viewed as a fundamental expression for S. 

Provided the surface barrier is not too small, among 
the four terms of the denominator of Eq. |3l cr„z^„ns is 
by far the dominant one, so that surface recombination 
is limited by hole capture. This is justified more pre- 
cisely in Appendix |X] and also implies that the occupa- 
tion probability of centers between Eph and Epe is close 
to unity. Thus the centers which dominate the surface 
recombination are those situated at the electron quasi 
Fermi level, in a typical energy width of fc^T. Their vol- 
ume concentration is N^{A(p) — NT{A(p)kBT/a where 
a is a typical thickness of the surface layer. Further ex- 
pressing UsPs — nf (exp [qVs/kBT] — 1) where Ui is the 
intrinsic concentration, Eq. [3] becomes 



N* 

qnoS = Jro — 
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where the current J^o is given by 



knT 



- 1 



JrO = qvpn.i{aniap). 



(4) 



(5) 



Assuming equilibrium between the surface and the bulk, 
one has Us — tiq exp[(^h/fcBr]. Taking for simplicity 
N^{Atf) = N^{Q) which is valid at low excitation power 
if A(/3 is not too large, Eqs. [H [2] and S] give 

S^So exp [-Aip/ksT] (1 - exp [-qVs/ksT]) , (6) 



where 
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exp 



^0 
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is the intrinsic surface recombination velocity obtained 
for negligible Fermi level unpinning {Atp ^ 0) provided 
exp[-qVs/kBT] « 1. 

The charge neutrality equation is used to express qVs 
as a function of A(p so that S will be solely expressed 
as a function of Atp, the fundamental quantity of the 
system. The negative light-induced surface charge must 
compensate the positive excess charge in the depletion 
layer so that one obtains 



WoNa 




Na (po 



= Nt{0)Aip (8) 



Here Wq is the equilibrium width of the depletion 
layer. The second term in the radical of Eq. |H] is ob- 
tained by spatial integration of the photoelectron charge 
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in the depletion layer [2l|. The surface concentra- 
tion is found from Eq. [2] and Eq. [5] to be Ug = 
A**T^eiip[A(p/kBT]/qSo. Using Eq. [2] and Eq. El we 
obtain 



exp 
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where the number 



V = 



qWoNriQ) 



(9) 
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is a measure of the ratio of surface charge to the charge 
in the depletion zone. Here e is the semiconductor per- 
mittivity. The quantity K is given by 



K 



exp 
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knT 



where 



qSoNA 



(11) 



(12) 



is equal to unity if the electron charge in the deple- 
tion layer is negligible with respect to the fixed acceptor 
charge (second factor of Eq. [TT|) and if (pb — 'fio ^ fa 
(first factor). Using Eq. [6] and Eq. [9] one obtains 



S ~ So exp 



{1-Kexp -(1 + ,;-!)^ }. 

(13) 

This equation is valid provided surface recombination is 
not limited by thermal injection of minority carriers, oth- 
erwise one has S = Vn ~ 3 x 10'' cm/s for p-type GaAs. 
Again using Jp = Jr and Eq. [13] one also finds, 
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Eqs. [13] and [T3] are used to calculate Aip and therefore 
S" as a function of the excess concentration hq. This 
type of analytical treatment is analogous to the numeri- 
cal approach used elsewhere [ll|. In itself however, it is 
insufficient since no also depends on S. 

In order to obtain an explicit expression for S on ex- 
citation power, no must be calculated by solving (in a 
unipolar regime at low excitation power [22|) the diffu- 
sion equation for the photo-electron concentration n in 
the bulk of the semiconductor 



gT(f>{r)aexp [—az] ~ n + An — 



(15) 



where r is the distance to the excitation spot and z is 
the depth coordinate. Here L = \J Dt, related to the 
diffusion constant D and to the bulk minority carrier 
lifetime r, is the diffusion length, A is the Laplacian 
operator, a is the light absorption coefficient and g is 
the rate of electron-hole pair creation. The function (f>(r) 
describes the light profile and is assumed in this model to 



be constant. Using the boundary conditions Ddn/dz = 
S{n) for the front surface, and Ddn/dz — ~S'n at the 
back surface of the sample of thickness c?, it is found that 



no = /37Vo = 



Vd 



Vd + S 
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where Vd is the diffusion velocity which gives a measure of 
bulk recombination and iVo is an effective photoelectron 
concentration, independent on both S and 5". Assuming 
for simplicity that S'= 0, one has 



No = 
and 



gar aL{cos]i{d/ L) — exp [—ad]} — sinh(d/L) 
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D 



tanh(o?/L). 



(17) 
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Because Vd depends on d, it is very large for semi-infinite 
samples and no is independent of S. As shown below, 
this is not the case for thin films. Eqs. [T^] [H] and [TH] 
give the following equation 
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This equation allows us to calculate Aip as a function of 
the reduced power 



^ = qVdNo/Jo- 



(20) 



Eq. [ini together with Eq. [T31 is the fundamental result 
of the present work. 

It will be seen below that the right hand side of Eq. 
[TO] is negligible because Vd is small with respect to 5*0. 
In this case three power regimes can be identified where 
S has an analytical expression. At very low excitation 
power (^ <C 1) one has Aip <^ ksT so that K ^ 1. To 
first order in Ap/ksT, we obtain 



(21) 



so that S increases linearly with A^o as observed 
for silicon [2^, essentially because of the increase of 
(exp [qVs/kBT] — 1) in Eq. |4] . Another regime occurs 
at higher excitation power such that ^ 3> 1 provided K 
remains close to unity (i.e. if 7 <C 1). In this case the 
last term on the left hand side of Eq. [TO] is negligible and 
one finds 



S « SoC 



(22) 



so that S decreases with No as a power law of exponent 
—77. At even larger excitation powers a large concentra- 
tion of photo-electrons accumulates at the surface and 
ns/NA > ipo/ksT implying in Eq. [5] that Aip > knT 
and K < 1. Eq. [TO] simplifies to X exp [-Atp/ryfesT] = 
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1/f for which the dominant factor on the left hand side 
is the double exponential appearing in Eq. 1111 The ap- 
proximate value of S is then 



Light excitation 



where 70 is given by 



7o 



In^ ' 



qvdNA ' 



(23) 



(24) 



The quantity 70 is related to 7 (Eq. [T^ but does not 
depend on Sq so that in this regime S no longer depends 
on the surface state density. 



III. EXPERIMENT 



Measurement of S 



P-type (A^^ « 10^^ cm^^) GaAs films of thickness 
d = 3/im are photo-excited with circularly-polarized light 
of wavelength 785 nm. As shown in the left panel of Fig. 
[21 these films are grown on a GaAs semi-insulating sub- 
strate, with a thin GalnP back interface serving as a 
confinement layer for the photo-electrons and ensuring 
S" = at the back surface. 

In order to estimate S, a previously described[l^ po- 
larized microluminescence technique illustrated in the 
left panel of Fig. [5] is employed. The circularly-polarized 
light excitation is focussed to a gaussian spot of half 
width of 0.6 /um and the resulting luminescence emis- 
sion and its polarization are spectroscopically analyzed 
(see right panel of Fig. [5]) and imaged (see bottom left 
panels of Fig. [2]). Both (t+- and a~- polarized light ex- 
citations are in turn used to excite the sample and an 
image is taken of the cr^ polarized components of the 
photo-luminescence with the laser being removed by an 
appropriate filter. The resulting four images, denoted 
, (7 and a ^, are combined to form a sum 
image /g = ((t+++ct^ +(T^^+a ^)/2 proportional to n 
and a difference image Id = ((t++ — cr^ +a —a ^)/2 
proportional to n_|_ — n_. Here, and n_ are the con- 
centrations of electrons with spin aligned parallel or anti- 
parallel with the direction of light excitation z chosen as 
the direction of quantization. Typical experimental im- 
ages for a naturally oxidized GaAs film are shown in pan- 
els a and b of Fig. [21 respectively. Their cross sections 
as a function of radial distance r to the excitation spot 
are given by 

Is{r) = A / n{r, z) exp[—aiz] dz (25) 
Jo 

and 



Id{r)^A\P,\ {n+~n^){r,z)exp[-aiz]dz. (26) 
Jo 
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FIG. 2: Principle of the experiment. The circularly-polarized 
laser is tightly-focussed on a GaAs film and the spatial distri- 
bution of the luminescence intensity and polarization are im- 
aged. Panels a and b show typical sum and difference images, 
defined by Eq. [^Sjand Eq. 1261 for oxidized GaAs. Also shown 
in the right panel are spectra of the photoluminescence and 
of its degree of circular polarization for the naturally-oxidized 
surface. 



Here, A is a constant and a; « (3/im)~^ is the absorp- 
tion coefficient at the luminescence energy. The quantity 
Pi depends on the matrix elements for recombination and 
is equal to ±0.5 for light excitation. The quantity 
n+ — ri- is given by the spin diffusion equation 

{g+—g-)Tg(j){r)a exp [— az] — (ri+— n_)+i^A(ri+— n_) — 

(27) 

where (g^ — g-)/g — Pi and Lg = yfDrl is the spin 
diffusion length. Here Ts, given by Ts — (1/t -I- 1/Ti)~^ 
where T\ is the spin-lattice relaxation time, is the spin 
lifetime. The boundary conditions are the same as for 
n = n+ -I- ?T._ in Eq. [T5l 

In the case of charge transport, although Eq. [15] does 
not have an analytical solution, numerical calculations 
indicate that for r > d, n can be written as n(r, z) « 
fi{r)f2{z) where /i and /2 are independent functions. 
Standard mathematical treatment then shows that [2J| 



/i(r)«ifo(r/Le//)«(r/Le//)"^/' 



exp 



(28) 



where Ko{u) is the modified Bessel function of the sec- 
ond kind, and that f2{z) has a sinusoidal dependence on 
z determined by the boundary conditions. One finally 
obtains 



S^D 




1 d^ 


rf2 


^eff 


L2 



(29) 



Because one generally has D/Leff ^ Vn, the limit 
S ^ Vn oi very large S is obtained for Lg// ~ 2d/7r <C L 
so that the argument of the tangent in Eq. [25]is w 7r/2. 
In order to adapt Eq. [11] for the calculation of Aip at 
distance r, it is natural to replace A^o by Nofi{r) in 



5 



Eq. [20l where the value of /i(r), defined in Eq. [28l 
is Js(r)//s(0). One might expect that the strong radial 
dependence of the electron concentration causes a radial 
increase of S. However, it can be shown that this in- 
crease is averaged out. Indeed the spatial dependence 
of Aip induced by spatial variations Nofi{r) creates a 
drift current parallel to the surface in the depletion layer 
of magnitude ris^nWoSipb/Sr = qWoUsD/Leff, where 
fin = OksT/q is the electron mobility. This current 
produces a spatial averaging of Ug and therefore of S. 
The ratio of this current to the diffusion current in the 
film, qdNofi{r)D / Lef f , is equal to {Wo/d) explipb/ksT] 
and is very large. The slope of the experimental curves 
thus gives a well-defined value of S, related to a spatially 
averaged concentration 7Vo(/i(r)). This averaging does 
not perturb i) the investigation of the relative change of 
surface recombination induced by passivation treatments, 
provided S is measured at constant values of photoelec- 
tron concentrations, ii) the dependence of S on excitation 
power, and iii) the value of the exponent 77. 



TABLE I: Summary of the measured values of the effective 
diffusion lengths for the samples shown in Fig. [3] at a power 
of 1 /iW. Estimated values of 5", as obtained from Eq. 1291 are 
also shown. 



sample 


details 


Leff (^m) 


S (cm/s) 


A 


naturally oxidized 


2.2 


3 X 10'^ 


B 


Na2S passivation 


4.2 


5.1 X 10^5 


C 


Encapsulation by 50 nm of GalnP 


21.3 


negligible 


D 


HCl treatment 


2 


> 10'^ 


E 


Same as C after 3 years 


8.9 


4.8 X 10* 



the GalnP overlayer. A distinct piece of this sample, la- 
belled E', was used for the investigation of the effect of 
light excitation power. 

IV. RESULTS 
A. Effect of passivation 



B. Samples 

For the samples described in Fig. [2l the bulk charge 
and spin transport parameters were obtained using a 
GalnP passivated top surface that originally covered the 
sample and ensured a negligible surface recombination 
velocity. Investigations performed before the chemical 
removal of this surface GalnP layer yielded L « 22/im 
and Lg ~ 1.2/xm [l9| . Independent measurement of r 
gives D = 150 cmVs [13, from which Ti « 0.96 x 10"!° 
s is estimated. This value is only a factor of two larger 
than the value found at 300 K for the same acce pto r con- 
centration in bulk GaAs of very distinct origin [25[. 

In order to illustrate the limiting cases underlined in 
Sec. ini five different samples were used, all characterized 
by the structure shown in Fig. [51 and by the same prop- 
erties for bulk transport and recombination. The features 
of these samples and the results are summarized in Ta- 
ble m Sample A has a naturally oxidized surface and the 
right panel of Fig. [5] shows the photo-luminescence spec- 
trum and its degree of circular polarization for this case. 
One finds a degree of circular polarization of about 2 %, 
thus revealing a photo-electron spin polarization of 4 %. 
Sample B was obtained by treating the oxidized surface 
for 1.5 minutes by a saturated sodium sulfide solution. 
This treatment is known to saturate Ga surface dangling 
bonds by sulfur atoms, and to reduce S by about one 
order of magnitude |26| |. In order to illustrate the case 
of a negligibly small S (sample C), the results previously 
obtained for the GalnP encapsulated surface, reported 
in Ref. [l^ are used. The case of infinite S is illus- 
trated by a surface (sample D) obtained after extensive 
HCl pre-treatment, known to induce significant degrada- 
tion of the surface [l^]. Finally, sample E is identical to 
the GalnP-encapsulated sample C, but was investigated 
3 years after growth in order to reveal ageing effects in 



The dependence of S on surface treatment is shown in 
Fig. [3] which presents the angular-averaged cross section 
of the sum image obtained for different surface termina- 
tions of the same GaAs films. In all cases, as seen from 
the dotted lines, L^ff was determined using Eq. in 
a spatial range corresponding to identical photo-electron 
concentrations and S was found using Eq. [221 In the 
case of sample A (curve a, taken for a light excitation 
power of 1 ^W) S — 3.0 x 10^ cm/S which is close to 
4.2 X 10^ cm/s reported in Ref. [ol for an oxidized sur- 
face and a similar acceptor concentration. For sample 
B, curve b reveals a reduction in S of about one order 
of magnitude with respect to the oxidized surface as ex- 
pected [2^ . The extreme case of negligible S reveals the 
bulk properties of the GaAs and is shown in curve c for 
the GalnP-capped surface. This reproduces the results 
of Ref. To*. For sample D we find L^ff = 1.9/im « 2d/n 
which, according to Eq. [211 corresponds to the case of 
infinite S. This sample illustrates the case of 5* ~ t;„. 
Curve e corresponds to L^ff = 8.9 /zm and reveals an 
increased S = 4.8 x lO'' cm/s with respect to sample C. 
This ageing effect has not, to the best of our knowledge, 
been previously reported for GalnP terminated surfaces, 
but could be due to the slow evolution of the existing 
GalnP disorder ^28^, which is known to strongly affect 
the electronic properties 129| . 

Shown in the inset of Fig. [31 are the cross sections of 
the difference images corresponding to curves a-e of the 
main figure. Immediately apparent is the fact that, un- 
like charge transport, spin transport depends only weakly 
on surface recombination and consequently the cross sec- 
tions of the corresponding difference images are quite 
similar. This is expected since the effective spin lifetime 
is limited by spin-lattice relaxation (rather than by sur- 
face recombination) which only weakly depends on the 
surface treatment. For a quantitative interpretation, the 
analytical treatment summarized in Eqs. [5Sland[551is not 
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FIG. 3: Charge diffusion lengths and their fits by Bessel func- 
tions in order to determine L^ff and S for the naturally ox- 
idized surface (Curve a), and after treatment of the oxidized 
surface by Na2S (Curve b). The GalnP encapsulated surface 
(Curve c, taken from Ref. [l^ and shifted for clarity), corre- 
sponds to Leff = 21.3 fim and to a very small value of S. 
The surface treated by HCl and hydrazine sulfide (Curve d) 
corresponds to Le// ~ 2 ^m and to a very large value of S. 
Finally, the curve for the GalnP encapsulated surface about 
3 years after growth (Curve b) reveals slow degradation of 
the GalnP passivation. As shown in the inset, and unlike 
the latter sum profiles, the difference profiles are quite simi- 
lar, because of the dominant effect of spin-lattice relaxation 
over surface recombination. The numerical calculation of the 
difference signal using the parameters of the oxidized surface 
corresponds very well, (dashed line) with no adjustable pa- 
rameter, to the experimental curve a. 

valid since the distance to the excitation spot is compa- 
rable with the sample thickness. The dashed curve in 
the inset of Fig. [3] is a numerical solution of the spin 
diffusion equation for the case of the oxidized surface. 
This curve, obtained with no adjustable parameters, cor- 
responds very well with the experimental curve a. 



B. Effect of light excitation power 

The effect of light excitation power has been investi- 
gated between an extremely small value of about 1 nW 
and 5.7 fiW for the samples A and E'. The inset of Fig. 
U shows the sum cross sections for the two samples for 
selected excitation powers and reveals an increase of L^f / 
with excitation power. This increase, from 1.9 fiia to 2.3 
fim for the oxidized surface, and from 3.5 /im to 7 /im 
for the encapsulated one. The corresponding values of 
S, calculated using Eq. [511 are shown in Fig. [5] For 
the oxidized surface at high power, one has S* = 2 x 10® 
cm/s, corresponding to the result of Fig. [3] A decrease 
in the power results in an increase in S by more than one 
order of magnitude so that, at low power, Leff is close 




10^ 10^ 10^ 1 



Excitation power (nW) 

FIG. 4: Effect of excitation light power on the measured value 
of S. The inset shows the charge distribution profile for the 
oxidized sample for selected excitation powers : (a) 10"^ fiW, 
(b) 0.45 ^W, (c) 1.1 fiW and (d) 5.7 fj,W, and for the GalnP 
encapsulated surface for the same excitation powers (curves a' 
to d', respectively). The main figure shows the dependences 
as a function of excitation power of the calculated values of 

Leff. 



to 2d/7r corresponding to the S « w„ situation character- 
ized by sample D. For the GalnP-encapsulated surface 
on the other hand, 5* increases only by about a factor of 
2 with an equivalent power decrease. 

By monitoring the spatially averaged degree of circu- 
lar polarization of the luminescence, defined as (P) — 
{Id{r)) / {Is{r)) , higher excitation powers can be explored. 
Indeed (P) is dominated by n+ — n_ and n at r = 0, 
larger than their values at 10 fiisi by more than one order 
of magnitude. Shown in Fig. [6] are the dependences of 
(P) for the selected surfaces shown in Fig. [3] and Fig. 
m as a function of the values of S that are experimen- 
tally determined from the sum cross sections at r = 10 
/im. Curve a shows the calculated dependence using a 
one dimensional resolution of the charge and spin diffu- 
sion equations for several values of 5'. For all data points, 
the surface recombination velocity at r = 10 /um is larger 
(by up to 1 order of magnitude) than the value deduced 
from (P). For the oxidized surface, S — 3.0 x 10^ cm/s 
corresponds well with an extrapolation of curve a of Fig. 
[5] to an excitation power of 1 mW. Conversely, for sam- 
ple E', the S almost coincides with its value calculated at 
r = 0, in agreement with the weak power dependence of S 
for this sample [l^]. As expected, the sulfide-passivated 
sample exhibits an intermediate behavior. 
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Excitation power (jiW) 



FIG. 5: The data points show the excitation power depen- 
dence of S, obtained from the results of Fig. |4] using Eq. 
1291 Note that the electronic concentration at which 5* is mea- 
sured would correspond to a homogeneous excitation power 
about two orders of magnitude smaller. The solid lines show 
dependences calculated using Eq. [TH] and Eq. 1191 For the 
oxidized surface, (Curve a) the dependence is close to a power 
law, as predicted by Eq. [22] for rj « 0.5, which gives a den- 
sity of surface states Ny ~ 10^^ cm~^eV~^. For the GalnP- 
encapsulated surface(Curve b), S is almost independent of 
P, because of the presence of a significant photoelectron con- 
centration in the depletion layer. Also shown are extremely 
low (experimentally unreachable) powers, P < 10~® mW, at 
which S is predicted to increase with P. The inset shows that 
for the GalnP encapsulated sample, decreases linearly as 
a function of the logarithm of the power. 



V. DISCUSSION 

A. Comparison with the predictions of the model 

The experimental results are in excellent agreement 
with the model of Sec. HT] From a semi-quantitative point 
of view, the dependence of S* as a function of excitation 
power for the oxidized sample agrees with the power law 
predicted by Eq. [22] with an exponent of the order of 0.5. 
This gives Nt{Q) of the order of several 10^^ cm~^/eV 
which lies in the typical range of experimentally observed 
surface state concentrations f]\. The smaller power de- 
pendence of S for the encapsulated sample is viewed as 
the very high power regime illustrated by Eq. 1231 As 
shown in the inset of Fig. [S] the inverse recombination 
velocity is approximately proportional to the logarithm 
of the excitation power. With respect to the oxidized 
sample, Eq. [22] would predicts a stronger power depen- 
dence because of the reduced value of Nt{0)- However, 
this effect is masked by the increase of the surface photo- 
electron concentration resulting from a reduction in S. 




10^ 10* 10^ lO' 

Surface recombination velocity (cm/sec) 



FIG. 6: Spatially-integrated luminescence degree of circular 
polarization as a function of S measured for P = 1 and at 
r ~ 10 ^m. Curve a is obtained using a numerical resolution 
of the charge and spin diffusion equations. The experimental 
results of Fig. [3] and Fig. |3] systematically correspond to S 
higher than the result of the calculation. This demonstrates 
the reduction of surface recombination velocity at the center, 
by an amount marked by arrows. 



As a result K decreases because the second factor in Eq. 
[Tljcan be written exp ["foVd/S] and Eq. 1231 must be ap- 
plied. 

A more quantitative verification of the model of Sec. 
HI] is provided by the solid lines of Fig. [SJ which are the 
power dependences of S calculated numerically using Eq. 
[13] and Eq. 1191 Keeping all parameter values (apart from 
Nt) unchanged for the two samples, the agreement with 
the experimental results for the two samples is highly 
satisfactory. We have used iVT(O) = 10^^ cm^^/eV, as 
suggested above, and So ^ 4x 10^'-^ cm/s for the oxidized 
surface. Note that although Sq may appear very large, 
the real value of S is much smaller. For the encapsu- 
lated surface (E'), Nt w 3 x 10^" cm~^/eV is used and 
Sq = Ax 10^° {N^/Nt) cm/s. For the two samples we 
have taken ^ = 10^ for a power of 1 ^W at r = 10 /im 
from the light spot, and 70 = 180. Finally, the quantities 
Nq and Vd ~ lO'^ cm/s were calculated using Eq. [17] and 
Eq. [TH] respectively. It is seen that this choice of parame- 
ters gives acceptable values for three key quantities. For 
the surface barrier, expressed as tpo = fc^Tln [NaJoS./Nq\ 
we find 0.61 eV. The effective Richardson constant, ob- 
tained from A** = qT~'^VdNAlo, is found equal to 3 x 10^ 
Am^^K^^ which is a factor of 30 smaller than the value 
of the unreduced constant A for light holes. The dif- 
ference can be attributed to the reduction of Schottky 
current due to the reduction in theprobability of a ma- 
jority carrier to reach the surface [30|. Using Eq. [7] the 
value of 5*0 is related to the hole capture cross section. 



8 





1 

10 




A _ 


10' 


1 nW 




100 jiW 


10*^ 


0.1 nW 


M 


1 ^w 


10^ 








lO' 


1 


1 





0.01 



0.1 1 

(lO" cm-^ eV^) 



10 



FIG. 7; Calculated dependence of 5* as a function of Nt for 
selected excitation powers. Dot A shows the situation illus- 
trated by curve a of Fig. [3] (oxidized surface). One sees that 
the order of magnitude decrease of S induced by sulfide pas- 
sivation (Fig. |4l curve b, dot B in this figure) is caused by 
only a 25 % decrease of Nt ■ For realistic values of the surface 
state density and light excitation power this change is only 
weakly dependent on power. 



expressed as 



{NT{Q)kBT)- 



SoVp 



(30) 



We estimate cr„ 



10- 



Although the accuracy is 



poor (the range of values of Sq, 70 and ^ which allow us 
to interpret the data is of about 1 or 2 orders of mag- 
nitudes) this value is significantly larger than values of 
about lO"'^^ cm^ measured by capacitance transient spec- 
troscopy for bulk defects [3l|. However, the present value 
may not seem unrealistic for at least three reasons: i) it 
appears that trapping cross sections at defects of oxidized 
GaAs can be much larger than for bulk defects. Values 
as high as 10~^ cm^ have been reported [s^, ii) these 
values can further be increased by the probable presence 
of nanoclusters of elemental As (SJl , in particular for the 
surface prepared by HCl decapping of GalnP 27], and iii) 
trapping of majority carriers in the flat band conditions 
used for capacitance spectroscopy overlooks tunnelling- 
assisted trapping over the top of the barrier. Such an 
effect will obviously increase the effective concentration 
Ps of recombining majority carriers and induce a decrease 
of their energy by an amount SE. In Eq. [31 such an ef- 
fect can be taken into account by an effective decrease 
of the bandgap and an increase of nf by exp [SE/kBT], 
thus reducing the effective value of cTp. Using Ref. |30, 
we calculate that values of 5E of the order of 30 % of 
the barrier are completely realistic, leading to a further 
decrease of ap by more than 3 orders of magnitude. 



B. Dependence of S on trap concentration and 
power density 

In addition to being able to correctly interpret the ex- 
perimental results on GaAs films, as shown in Appendix, 
the model summarized by Eq. Eq. [22] and Eq. [231 is 
applicable to a wide class of semiconducting n- or p-type 
doped materials. As an example, the present model is in 
agreement with experimental results obtained on p-type 
silicon, for which a power law is also observed [2^ . Using 
the results of the latter work at a resistivity of 10 ftcm, 
for which the precision is sufficient, we calculate using 
Eq. Uni Nt{0) = 2 X 10^2 cm-^eV-\ i.e. only a fac- 
tor of 2 larger than the value obtained using a complete 
numerical calculation [Tl| . 

These findings have three main implications for sur- 
face recombination studies which are at variance with the 
general picture of Ref. [13 in the particular case of doped 
semiconductors. Firstly, the key role of light excitation 
power in the determination of S has been demonstrated 
even for extremely low powers. As a result, most values 
of S reported in the literature using photo-luminescence 
are likely to be underestimated because of the effect of 
Fermi level unpinning and cannot be considered as abso- 
lute determinations. As an example, the results of Fig. 
[Slhave been obtained with a value of Nofi{r) similar to 
the one used in Ref. |^. While the value of S is very close 
to that obtained by Ref. for the same acceptor concen- 
tration, we conclude that a higher values of S, limited by 
the electron thermal velocity, would have been obtained 
for a reduced power level. If the power is reduced to ex- 
tremely small values (P < 10~^^ W for GaAs), S would 
decrease to become smaller than u„ as shown in Fig. [5l 
While these small powers are experimentally unrealistic 
for GaAs, this regime has already been observed in silicon 
[2^. Thus the quantity Sq, which may appear to be the 
photo-electron concentration independent (and therefore 
fundamental) value of S, can only be obtained from a 
detailed analysis of the power dependence of S. 

Secondly, the change of S induced by passivation, in 
contradiction with generally accepted ideas summarized 
by Eq. [H does not directly reflect the change of sur- 
face state concentration since 5*0 increases with decreas- 
ing Nt{0). As shown in Fig. [5l this effect can only be 
observed at unattainably low excitation powers in the 
regime described by Eq. [211 Fig. [71 shows the calculated 
dependence of 5 as a function of Nt for selected, realis- 
tic, excitation powers. Immediately apparent is the fact 
that, in contrast with the previously accepted ideas, upon 
passivation, Nt{0) decreases much less than S. Indeed, 
we calculate that the decrease of S by one order of mag- 
nitude produced by the sulfide passivation in Fig. [31 im- 
plies a decrease of Nt{0) by only 25%. Further decrease 
of Nt{0) causes a switching to the regime described by 
Eq. [23l which is shown by the arrow in Fig. [71 below 
which S only weakly depends on Nt{0). It is concluded 
that the effect of a change in Nt{0) on 5*0, given by Eq. 
[71 is masked by that of the change in Aip. 
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Thirdly, the model presented here is able to qualita- 
tively explain the dependence of 5*0 on dopant concen- 
tration above 10^^ cm"^. For doping levels smaller than 
about 10^^ cm~'^, the approximate proportionality be- 
tween S and Na or Njj depending on the semiconductor 
type Q , has been interpreted as resulting solely from Eq. 
13] which can be alternatively written for p-type material 



of S'. 



S cx ^^;(0) 



no 



AT* rn\ '^nVnNA 

Nrp[0) — exp 



no 



However, for the larger doping concentrations considered 
by the model, one observes a saturation of this depen- 
dence This result cannot be explained by Eq. [31] 
which would rather give a superlinear dependence be- 
cause of the increased (T„ caused by the localization of 
minority carriers in the triangular potential well near the 
surface. The model presented here predicts that the Na 
dependence of S, as defined by Eq. [221 is a combination 
of the decrease of {r/ cx \/Na) and of the increase 
of Sq resulting from the increase of CTp cause by tunnel- 
assisted trapping processes. 



VI. CONCLUSION 

The theoretical and experimental investigation of sur- 
face recombination in doped GaAs films presented here 
shows that the power dependence of S due to Fermi level 
unpinning exhibits three phases. At extremely low power 
levels, S is predicted to increase with excitation power. 
Although these levels are too low to be reachable for 
GaAs, this increase has been observed for silicon pT,]. For 
a naturally oxidized surface at realistic excitation powers 
S is shown experimentally and theoretically to decrease 
as a power law for which the exponent depends on surface 
state density. The GalnP encapsulated surface illustrates 
a distinct regime where the photo-electron concentration 
becomes significant with respect to the acceptor concen- 
tration because S is reduced. In this case depends 
logarithmically on power. 

The following conclusions, valid for n- or p-type mate- 
rial of doping level larger than 10^^ cm^"^ and provided 
the surface barrier is not too small and that surface re- 
combination is dominated by the states which pin the 
Fermi level, are drawn, i) No fundamental value of S, 
independent of excitation power, can be directly deter- 
mined experimentally. This means that for character- 
izing the surface recombination in devices, S must be 
measured in exactly the same conditions as under opera- 
tion of the device, ii) S decreases with increasing surface 
state density in the intermediate and high power ranges. 
The actual value of S is not proportional to the surface 
center concentration, since a relatively marginal passiva- 
tion of surface centers can lead to a significant decrease 
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Appendix A: Range of validity of the present model 

Since we have neglected the photocurrent generated in 
the depletion layer, the present model is valid, for direct 
bandgap material, for a doping level larger than about 
10^^ cm~^. The present model can be easily extended 
to n-type material, provided that surface recombination. 
It sufhces to interchange majority and minority carriers 
and to use Jro = qVnni{ani<Tn) . The surface barrier, 
taken here to 0.6 eV should not be too small, otherwise 
the surface recombination will no longer be limited by 
majority carrier trapping. This is shown from the relative 
magnitudes of the four terms of Eq. [3] given by for p-type 
material, by 



Us 



exp 



Eg - ^0 



knT 



TpVpPts _ CFpVp qNySo 



anVntls 



exp 



10" 



(Al) 



7 X 10 



-5 (^P^P 



exp 



2Aip 



(A2) 



and 

CTpVpPs 







<JpVp qNaSi 



exp 



(^0 + 2A(^ 



8 X 10" 



_7 •Jp 



exp 



kBT 



keT 



(A3) 



as a function of effective densities of states in the valence 
band and conduction band Nc, respectively. The 
above numerical values are obtained by taking (Tp/cr„ w 
0.01 [ll|, and the values of So/A**T'^ and of ^po obtained 
in Sec. [V]for the oxidized surface. As shown above, these 
ratios are indeed smaller than unity by several orders of 
magnitude. Conversely, for n-type material, recombina- 
tion is also limited by trapping of majority carriers since 
f^pVpPs is found to be the dominant term. Both for n- 
and p-type materials, these ratios strongly increase upon 
reduction of ipo. For p-type material, the ratios of Eq. 
A2I and Eq. IA3I are larger than unity provided (po > 0.3 
eV below which the present model does not apply. 
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